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Abstract 
Product reengineering is a very common practice in industry to improve and optimize product properties for new and 
individualized customer requirements and to meet internal requirements for less design and production costs. Products are 
thereby reengineered by applying new technologies and redesigning a number of product parts. The functional analysis applied 
by product reengineering is less abstract than by New Product Development and thus problems and weak points in a product 
structure can be easier identified. Disadvantage thereby is that the solution space for problem solving can be tremendously 
constrained through the detailed problem statements. In order to avoid this effect and to enhance innovative problem solving by 
product reengineering we introduce a functional analysis approach for problem modelling of existing product structures. We 
define a number of hierarchical levels for a product function structure in order to enable problem modelling on different 
abstraction levels. Thereby a large number of technologies and solution principles are included in the solution space. We use a 
pneumatic valve for rail systems as a case study in order to demonstrate the functional analysis and the problem modelling on 
different abstraction levels. Furthermore we clearly define terms such as technology, constructive layout, requirements, product 
properties and functions as well as their relations to each other, in order to enhance the use of this approach in the industry. 
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1. Introduction 
By problem solving during product reengineering and optimization most of the engineers focus on an identified 
problem core. In this way possible solutions can be overlooked that would appear if the problem statements were 
derived from a higher functional abstraction level. 
In order to identify problems or weak points in a product, functional analysis and graphical functional models are 
widely used in the context of TRIZ as problem definition tools. A very common function modelling method is the 
relational function model, as it was introduced by Pahl and Beitz [1], and which contain both useful and harmful 
functions. The setting up of a relational function model is a basic part of the problem formulation process in TRIZ, 
as it is used to derive problem statements [2]. Another widely applied function modelling method that was also 
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introduced by Pahl and Beitz [1], is the hierarchical function model, which orders product functions in different 
hierarchical and abstraction levels. 
After applying the relational functional analysis method to a large range of existing technical products, it became 
apparent that all relational function models feature a hierarchical structure of their functions. This hierarchical 
structure cannot be identified when viewing the models. Moreover, it is not possible to define the boundaries of the 
hierarchical levels in a consistent way. 
In this paper we suggest a new functional analysis methodology, which integrates the hierarchical levels of the 
hierarchical function model to the relational function model. Through considering both the hierarchical and the 
relational view of a product’s structure more entry points to the problem solution can be identified as well as the 
derived problem statements can be hierarchically classified. The problem statements are set up using the standard 
problem formulator used by TRIZ [2]. These are suggestions for new entry points to problem solving procedure 
provided by the problem formulator. Furthermore, because in this way the relations between the problem statements 
become obvious, one can choose between solving one hierarchically higher problem or several rudimental problems. 
This approach supports lateral thinking, as introduced by de Bono [3], as it emphasizes at the identification of 
different possible solutions and not at the identification of the most obvious problem solution. It generates not just 
an amount of problem statements but a chain of problem statements, which can be of great support by product 
reengineering. 
2. Outline and structure of this paper 
In order to outline this contribution we use the inventive approach introduced by Terninko [2]. Figure 1 shows 
the outline of this research’s purpose according to Terninko’s [2] four basic steps for inventive problem solving. 
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Figure 1: Scope of this research according to Terninko’s [2] approach. 
 
Similar approaches can also be found in the works of Orloff [4] and Marconi [5]. Whereby, Orloff does not 
entitle these four steps as Terninko but describes the problem solving process as a process containing four basic 
steps, which are Diagnostic, Reduction, Transformation and Verification. 
During the first step of the approach – specific problem or diagnostic – a functional analysis of the examined 
artefact has to be carried out and a function model has to be set up. Using this function model as input for the next 
process step, abstract problem statements are formulated in order to identify entry points to problem solution. As in 
the previous section described, this paper introduces a methodology for the problem specification and for the 
structuring of the solution space derived by the function models. 
In the following chapter 3 we outline and clearly define the terms used in the context of this research. In chapter 
4 we introduce the functional analysis of this approach using a pneumatic valve as a case study. According to this 
case study we demonstrate in chapter 5 the resulted problem statements and the benefits of this approach. 
3. Definitions 
In this section we define and outline terms that are often used in product development; that is requirement, 
function, constructive layout and technology. Our effort is to facilitate and to systematize the determination of 
abstraction levels in a functional model and to avoid obscurities when distinguishing e.g. between constructive 
layout and technology. 
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Lindemann [6] defines requirement as a design objective, which has to be achieved and as prerequisite, which has 
to be fulfilled. Requirements can be derived from design constraints, customer requests and boundary conditions 
such as specification of the maximum allowable weight, which determine the values of the design technical 
characteristics. In the context of this contribution the source of the requirements will not be further examined. 
In order to meet the defined requirements, functions have to be set that satisfy them. As Ehrlenspiel [7] points 
out, a function is the solution independent description of a system activity. Furthermore, Pahl and Beitz [1] define 
function as the relation between input and output of a system with the goal to complete an activity or task and thus a 
function can be used in order to describe a system’s activity on an abstract and solution independent level. 
Nevertheless, in the next section it will become apparent that not all the functions of a product feature the same 
solution independency. The extent of the solution independency of a function depends on which hierarchical level 
the function is arranged. Accordingly, the extent of the solution independency of a function constitutes an accurate 
criterion in order to define hierarchical levels in a function model. 
By constructive layout we mean the form and the design solution that has been chosen in order to realize a 
function. A constructive layout mostly consists of a set of interacting physical components that are composed in an 
adequate manner. In order to compose the components adequately and to assure their interactions technology know-
how is required. Thus technologies determine the kind of the components composition and beyond that the 
functional feasibility of the constructive layout. 
The figure below outlines the relations between these terms. Beginning from the defined product requirements 
functions are set in order to fulfil the requirements. As pointed out, these functions are abstract solution definitions 
but do not give any technical and technological information about how to realize a solution. They are used in order 
to structure and subdivide the problem in smaller and easier to solve sub-problems. Furthermore, they feature a 
hierarchical structure and can be analyzed and broken down to elemental functions. These elemental functions can 
then be linked to physical components that realize them. The components’ composition and interactions are defined 
in constructive layouts, which in turn require technology know-how in order to be carried into effect. 
In figure 2 the defined requirement is that a leak between the valve piston and piston guidance has to be 
prevented.  In order to satisfy this requirement the function “seal guidance” is set, which is realized by a “sealing 
ring”. The constructive layout specifies further the solution through the definition of the “sealing ring” and the 
components that interact with the “sealing ring”. In order to implement this solution and to assure the required 
component interactions, technology know-how is needed about the ring material, the tribological behaviour of this 
material with the guidance material and beyond that know-how is required about surface treatments in order to 
achieve the required tribological conditions between ring and guidance material [8]. 
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Figure 2: Schematical presentation of the terms relations. 
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4. Functional modelling 
This section presents the functional modelling methodology for the problem formulation process using a 
pneumatic valve as a case study. Components of the introduced methodology are the hierarchical and the relational 
function model. The relational function model, which is mainly used by the TRIZ methodology, contains useful and 
harmful functions of a system. The functions are – as described in the previous chapter – abstract solution 
descriptions. The more abstract the functions are the merrier abstract are the derived problem statements and the 
merrier are the entry points that are included in the solution space. By product reengineering the constructed 
function models become detailed because of the known implemented solutions. Thus, the derived problem 
statements are less abstract as well, which constrains the solution space and prevents innovative solutions. In order 
to avoid this effect and structure the solution space we integrated hierarchical levels to the relational function model. 
The hierarchical levels and their boundaries were defined by applying the hierarchical function model. In figure 3 is 
the introduced approach shown. The derived problem statements are arranged hierarchically as well and the relations 
between them are made apparent. By this means, is the solution space structured in abstraction levels and an 
engineer can decide between solving a hierarchically higher problem or several elementary problems according to 
his available resources. 
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Figure 3: Schematical view of the introduced approach. 
 
4.1. Hierarchical modelling 
The hierarchical function model – as it was introduced by Pahl and Beitz [1] – is used in the context of this 
research in order to set hierarchical levels and to define their boundaries. The hierarchical function model of a 
technical product constitutes a hierarchical breakdown of the main product function. The main function is broken 
down to less abstract and thus elemental functions, which contain more information about how to achieve the 
product functionality and are required in order to realize the main function. The product functions are thereby 
arranged hierarchically according to their level of abstraction. 
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In order to define hierarchical or abstraction levels and their boundaries within a product function hierarchy an 
adequate criterion is needed. Prerequisite is that all product function must be able to be classified according to this 
criterion. As the functions give more information about a solution as we move downwards in the function model it 
becomes apparent that the information extent about a solution is an adequate criterion to classify functions. Thereby, 
we need to distinguish between two kinds of information. Information about the technical solution and thus the 
constructive layout and information about the applied technology. In chapter 3 we defined that technology know-
how is required in order to implement a constructive layout. Furthermore, a technical solution can be implemented 
using different technologies according to the available know-how. Thus, functions containing technology 
information are more elemental and are arranged lower in the function hierarchy than functions containing 
information about the constructive layout. In example, the defined housing of a pneumatic valve can be produced by 
casting or alternatively by milling. Thereby, the definition of the housing form is the constructive layout and casting 
and milling are regarded as technologies. 
According to the two kinds of information that can be contained in a function, we defined three hierarchy levels 
in a product function structure. 
y Solution independent functions 
y Solution dependent functions and 
y Technology and solution dependent functions. 
Figure 4 shows a segment of a hierarchical function model of a pressure reducing valve. Thereby, it is obvious 
that solution independent and dependent functions don’t give any technology information, as it was defined in the 
previous sections. 
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Figure 4: Hierarchical function structure of a pressure reducing valve. 
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The main function of a pressure reducing valve is defined by the application situation of the valve. Thereby, the 
main function is (control brake cylinder supply pressure). In order to control the supply pressure the valve has to be 
able on the one hand to (reduce pressure at brake cylinder supply) and on the other hand to (vent brake cylinder 
supply) with pressurized air. These functions can be further broken down to less abstract and more detailed 
functions. In example, in order to (reduce pressure at brake cylinder supply) the valve has to be able to (blow off 
pressure) from the supply reservoir and thus to (allow air flow). Furthermore, the function (define pressure reducing 
level) has to be realized for a controlled brake cylinder supply pressure. In the context of this publication only the 
branch of (blow off pressure) will be further elaborated on. The functions described above contain no information 
about any technical solution and how they could be realized. In general, these functions match exactly the 
definitions of Ehrlenspiel [7] and Pahl and Beitz [1]. 
The further breakdown of these functions derives functions, which are less abstract and contain technical 
information, such as (open valve seat) by (moving valve piston) and (provide control force) to (define pressure 
reducing level). The technical information thereby is e.g. the existence of a valve piston and not of a valve head. 
Nevertheless, no information is contained about how the valve piston movement is realized, which is a technological 
issue. Thus, these functions are defined as technology independent and solution dependent functions.  
The functions (reservoir pressure) and (control pressure) refer to the question, how the functionality of the 
defined constructive layout can be assured. Besides from providing pressurized air in order to realize the needed 
movements, compression springs could be used. Thereby, the employment of springs instead of pressurized air 
requires the availability of totally different technology know-how and thus functions such as (provide spring force), 
(reservoir pressure) and (control pressure) are considered as technology and solution dependent functions. 
It is important to notice that the issues considered to be technological, which practically define the boundary 
between technology independent and technology dependent functions, are company and industrial sector specific 
and therefore have to be adjusted according to the application situation. 
4.2. Relational modelling 
The relational function model consists of two types of functions, useful and harmful ones. Furthermore, as shown 
in figure 5, the relational function model distinguishes between the kinds of functions relations. The syntax as well 
as the kinds of relations are shown in figure 5 [2]. The relations can be used to state whether a useful function is 
needed to enable another one, a useful function has been introduced to avoid a harmful function or whether a useful 
or harmful function causes another harmful function. In contrast to the hierarchical function model, the relational 
function model allows also the cross linking of functions, which are arranged in the same hierarchical level and thus 
allows a more accurate modelling of the reality. 
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Figure 5: Basic relations between functions. 
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The setting up of a function structure with the relational function model is described by Eben [9]. In the context 
of this research, the relational function model will be set up using another approach as information from the 
hierarchical model is to be incorporated. This approach will be further described in the next section. After setting up 
a function structure with the relational function model problem formulations can be derived using the contradictions, 
which are formed through the relation of useful with harmful functions. A structured approach of wording problem 
statements is the problem formulator, which can be found in the work of Terninko [2]. 
Figure 6 shows the relational function model of the pressure reducing valve presented in the previous section. 
Thereby, the useful functions were adopted from the hierarchical function model and the procedure described by 
Eben [9] was applied in order to identify harmful functions and their relations to the useful functions. 
A very common harmful function that was identified is the (leak) of pressurized air. In order to prevent this 
harmful function extensive sealing mechanisms have to be applied. Furthermore, a possible (leak) would affect 
seriously the functionality of the valve and of the brake system. Other harmful functions that were identified are e.g. 
the (fully discharge) of the pressure caused by (blowing off pressure). The function (define pressure reducing level) 
was introduced in order to avoid this effect and is realized by using pressurized air as (control force). Nevertheless, 
this solution causes a number of further harmful functions, such as (leak) of pressurized air and (rapid discharge of 
the control pressure). Furthermore, a solution has to be found in order to avoid (single-level control) of the pressure 
reduction. Figure 6 shows further harmful functions, which were identified and the resulted function structure of the 
valve. 
The incorporation of harmful functions provides a more accurate understanding of a system and entry points to 
the system’s optimization as well [2]. On the other hand, the hierarchical function model provides a more structured 
system image, which facilitates the system’s understanding to less practiced eyes. 
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Figure 6: Relational function model of a pressure reducing valve. 
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4.3. Integrated hierarchical and relational function model 
As already described in the introduction, by product reengineering a more structured solution space is required in 
order to enable innovative problem solving and not focus on a priori identified problem cores. 
The integration of the two previously presented functional modelling approaches can provide a function model, 
which incorporates the benefits of the hierarchical and the relational function model as well. These are, the accurate 
modelling of the reality and the identification of entry points to the problem solving process through the formulation 
of problem statements as well as the hierarchically structured system’s image. 
Figure 7 presents schematically the process steps for the introduced functional modelling approach. Thereby, a 
hierarchical function model is firstly set up, whereby the defined product’s main function is broken down to less 
abstract and more information containing functions. The functions are then classified to hierarchical levels 
according to the information they contain, as shown in chapter 4.1. The information has either to do with the 
constructive layout or with technological issues, which are considered to be more rudimental in the function 
hierarchy as defined in chapter 3 or with both of them. 
The defined functions in the hierarchical model are afterwards used in order to set up a relational function model. 
Nevertheless, the hierarchical function model contains only useful functions, so the standard procedure of setting up 
a relational model is then applied in order to complement the function model with harmful functions. Furthermore, 
in this way function relations across a hierarchical level and different branches of the hierarchical model can 
recognized. 
In the next step the defined hierarchical levels are integrated into the relational function model. Figure 8 shows a 
potential alternative for structuring the relational model. Thereby, the hierarchical levels are modelled as rings. The 
more central a function is located, the merrier abstract is the function. Furthermore, the quadrants of the middle ring 
stand for the branches of the hierarchical model. 
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Figure 7: Steps of the introduced functional modelling approach. 
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Figure 8: Integrated hierarchical and relational function model. 
 
Figure 9 shows the integrated function model of the pressure reducing valve presented in the previous sections. 
Thereby, we practically have a hierarchical function model containing harmful functions and different types of 
function relations in order to formulate problem statements. As a result, the derived problem statements can also be 
hierarchically arranged, as it will be shown in the next chapter.  
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Figure 9: Integrated function model of a pressure reducing valve. 
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5. Problem statements and discussion 
In order to formulate problem statements from the function structure of the pneumatic valve the standard problem 
formulator was used, as described by Terninko [2].  
In the following example only the hatched area of the integrated function model will be examined. From the 
functions of this area more than 30 problem statements could be derived [2]. For the sake of clarity we use 6 
problem statements to demonstrate the relations between them and how this can be used as decision support by 
product reengineering. 
1. Find an alternative way of (define pressure reducing level) that (provides control force) and does not 
cause (leak), (single-level control) and (rapid discharge of control pressure). 
2. Find a way to resolve CONTRADICTION: (control pressure) provides (control force) and does not 
cause (leak), (single-level control) and (rapid discharge of control pressure). 
3. Find a way to eliminate, reduce or prevent (rapid discharge of control pressure) under the condition of 
(control pressure). 
4. Find a way to eliminate, reduce or prevent (leak) under the condition of (control pressure). 
5. Find a way to eliminate, reduce or prevent (single-level control) under the condition of (control 
pressure). 
6. Find a way to eliminate, reduce or prevent (increase installation space) under the condition of (provide 
pressure chamber). 
Figure 10 shows the hierarchical structure of the derived problem statements, which is corresponds to the 
hierarchical function structure. A problem statement derived from a function exhibits the same hierarchical level and 
solution dependency. The problem statements are therefore arranged and interrelated according to their abstraction 
level and to the solution dependency they feature. 
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Figure 10: Hierarchical structure of the derived problem statements. 
 
In this way by product reengineering one can chose solving a problem of a higher hierarchical level, which is 
related to further rudimental problems or solving a number of rudimental problems without optimizing the general 
concept of the constructive layout. In example, by realizing (define pressure reducing level) or (provide control 
force) in another way than using pressurized air all the following harmful functions would not apply. The reason for 
that, is that the harmful functions (leak), (single-level control) and (rapid discharge of control pressure) are caused 
by (control pressure). Furthermore, the following harmful functions (increase installation space) and (leak) are also 
caused by functions that are required in order to realize (control pressure). Such a solution could e.g. be the use of a 
spring mechanism in order to (provide control force) that can eliminate (single-level control). In this way, the 
harmful functions stated above would be eliminated through the introduction of a new concept to realize (provide 
control force). 
Concluding, by this means an engineer trying to optimize the structure of the pressure reducing valve has an 
overview about which are the available entry points to the problem solution and how are they related to each other. 
According to the available resources and purpose of the optimization the engineer can chose, which problem 
statement solution is more adequate. 
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6. Summary and outlook 
In this paper a functional analysis approach is introduced, which structures the solution space and facilitates the 
decision making by product reengineering. The approach introduces an integrated function model, which combines 
the hierarchical and the relational function model. In this way hierarchical levels are incorporated to the relational 
function model, which is used to derive problem statements. Correlating the derived problem statements with the 
functions and the function hierarchy, the problem statements are structured hierarchically as well. 
Prerequisite for structuring the problem statements and identifying relations between them is a clear definition of 
hierarchical levels and their boundaries by setting up the hierarchical function model. In order to facilitate this task, 
the functions are classified according to extent and kind of information they contain. The more information a 
function contains the merrier rudimental is the function and is arranged to the lower levels of the function hierarchy. 
Furthermore, in order to facilitate the use of this approach we clearly define terms used in the context of the 
approach, that is requirement, function, constructive layout and technology. The difference between constructive 
layout and technology is thereby used to classify functions by specifying the extent and kind of information they 
contain. As pointed out in chapter 4.1, the definition of technological issues, which practically define the boundary 
between technology independent and technology dependent functions, and issues concerning the constructive layout 
are company and industrial sector specific and therefore have to be adjusted according to the application situation. 
Concluding, this approach provides an engineer a methodology for analysing an existing product and for structuring 
the derived problem statements in hierarchical levels and relating them to each other. By this means, an engineer has 
an overview about which are the available entry points to the problem solving process and can chose solving a 
problem of a higher hierarchical level or solving a number of rudimental problems according to the available 
resources and purpose of the product reengineering. 
In the context of this research future work has to be done in order to systematically select relevant problem 
statements as the amount of the derived problem statements can increase rapidly (see chapter 5). Furthermore, the 
introduction of an approach to define relevant technological issues and draw the outline between them and issues 
concerning the constructive layout would be of great value. 
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